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tergents, a step that can lead, possibly irreversibly, to protein denaturation. The propensity of dodecylphosphocholine (DPC), a
detergent widely utilized in NMR studies of membrane proteins, to distort their structure has been the subject of much contro-
versy. It has been recently proposed that the binding specificity of the yeast mitochondrial ADP/ATP carrier (yAAC3) toward car-
diolipins is preserved in DPC, thereby suggesting that DPC is a suitable environment in which to study membrane proteins. In
this communication, we used all-atom molecular dynamics simulations to investigate the specific binding of cardiolipins to
yAAC3. Our data demonstrate that the interaction interface observed in a native-like environment differs markedly from that in-
ferred from an NMR investigation in DPC, implying that in this detergent, the protein structure is distorted. We further investi-
gated yAAC3 solubilized in DPC and in the milder dodecylmaltoside with thermal-shift assays. The loss of thermal transition
observed in DPC confirms that the protein is no longer properly folded in this environment.In the context of membrane-protein structure determination,
dodecylphosphocholine (DPC) has been the subject of much
criticism for being a very harsh detergent, prone to induce
protein denaturation (1–5). Yet 40% of NMR investiga-
tions (6) have utilized this detergent, leading to protein
structures (7–9) possessing a three-dimensional fold at vari-
ance with that observed in a different, milder environment
(10–14). Among these membrane proteins, mitochondrial
carriers have been the object of several studies (2–4). In
particular, the uncoupling protein (UCP2), for which a back-
bone fold has been determined (8), and the ADP/ATP carrier
(AAC), have been thoroughly investigated in thermosta-
bility-shift assay (TSA) experiments (4,15). These experi-
ments have shown that in a mild dodecylmaltoside (DDM)
detergent environment, mitochondrial carriers extracted
from native membranes showmany of the expected features.
Cooperative unfolding is observed, and addition of the in-
hibitor carboxyatractyloside (CATR) to AAC increases the
stability and, hence, shifts the transition to a higher temper-
ature. In contrast, when solubilized in DPC, the mitochon-Submitted July 7, 2017, and accepted for publication September 21, 2017.
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creativecommons.org/licenses/by/4.0/).drial carrier UCP2 did not show any unfolding transition
whatsoever (4), thereby strongly suggesting that in this
harsh milieu, the protein is unfolded from the onset, or
does not possess a stable tertiary structure. Transport assay
experiments revealed that UCP2 purified in DPC (8) could
not be resurrected into a functional state upon insertion
into liposomes (3). Furthermore, molecular dynamics
(MD) simulations indicated without any ambiguity that
the putative structure of UCP2 determined by solution-state
NMR in DPC (8), when inserted into membranes, collapses,
suggesting that it is not a physiological state, and is possibly
distorted beyond recovery by the harsh detergent environ-
ment. Recently, the functionality of the yeast mitochondrial
AAC (yAAC3) has been investigated in DPC by looking at a
very specific aspect of the carrier, namely, its ability to
interact with cardiolipins (CLs) (16). CL is a highly abun-
dant lipid in the inner mitochondrial membrane, and it has
been shown to be important for the function of the trans-
porter, albeit not strictly required (17). In the work of
Zhao et al. (16), yAAC3 was prepared through a refolding
procedure from inclusion bodies. The activity state was
addressed indirectly by studying the well-characterized
yAAC3-CL interactions observed in crystal structures ex-
tracted from the native membrane (13). Contacts of the pro-
tein with the surrounding CLs were identified by recordingBiophysical Journal 113, 1–5, December 5, 2017 1
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data characteristic of the CL headgroups are consistent with
the crystallographic binding sites (13). These data further
indicate close spatial proximity between the CL acyl chains
and residues that are located at the cytoplasmic side of the
carrier, i.e., far from the CL-headgroup binding sites (see
Fig. 1). The main message of the work of Zhao et al. (16)
is that DPC preserves the ability of AAC to bind CLs in a
specific fashion, which implies that it is a good detergent,
compatible with functional mitochondrial carriers. In this
contribution, we turn to MD simulations to assess whether
or not the binding specificity of CLs toward yAAC3
observed in DPC holds in a native-like membrane environ-
ment. Furthermore, we investigate by means of TSAs the
ability of two detergents, namely, DPC and dodecylmalto-
side (DDM), to preserve the fold of the mitochondrial car-
rier. In light of our findings, we propose that DPC alters
the fold of AAC and modifies its interaction with CLs.
Starting from the crystal structure (13), we carried out
an all-atom, 200-ns simulation of yAAC3 binding three
CLs in a palmitoyloleoylphosphatidylcholine (POPC)
bilayer (see the Supporting Material for methodological
details). As can be observed in Fig. 2, the root mean-square
deviation (RMSD) for yAAC3 averages to 3 A˚ for the
entire protein, and to 2 A˚ for its secondary-structure ele-
ments, consistent with all other theoretical investigations
of the mitochondrial AAC (18–21). In addition, the alkyl
chains of the three CLs are markedly disordered (see
Fig. 1), with a substantial number of trans-gauche defects,
congruent with the behavior in a CL-containing lipid bilayer
(22). This disorder and mobility of the CLs is mirrored in the
distance RMSDs of Fig. 2, which can be as large as 10 A˚ for
the entire lipids, reduced to 3 A˚ for their headgroup, firmly
attached to the membrane carrier between its three amphi-
pathic helices. Consistent with the recent work of Hedger
et al. (23), our simulation indicates that CLs seldom extendFIGURE 1 Snapshot of yAAC3 after150 ns of a 200 nsMD simulatio
accessible surface with its secondary structure inside. The amide si
namely, I14, I100,G118,G127,F220,L282,S292,Q298,M299,and I300, a
yAAC3 are shown in yellow and pink to distinguish the region of the p
2 Biophysical Journal 113, 1–5, December 5, 2017above the middle of the lipid bilayer, let alone to the cyto-
plasmic side, at variance with the NMR observations in
DPC (16).
As can be seen in Fig. 3, for two residues involved in
NOEs (16), namely, I14 and L282, lying not too far from
the CLs, the distance separating the terminal methyl groups
from the nitrogen atom of the amino acid can be appreciably
large—typically >10 A˚ on average. More importantly,
regardless of the residue, the range over which this distance
is distributed exceeds 10 A˚, thereby supporting the view of
highly flexible alkyl chains and the absence of specific
binding to the carrier (see the Supporting Material). From
Figs. S2 and S3, it is clear that in a native-like membrane
environment, the CL acyl chains cannot interact with the
residues on the cytoplasmic side of the protein and hence
are unlikely to give rise to NOEs, in stark contrast to obser-
vations in DPC. Our simulation demonstrates unambigu-
ously that the CL acyl chains evolve far from many
residues giving rise to NOE signals, hence suggesting that
to satisfy the NOE constraints, the mitochondrial carrier
must adopt a conformation in DPC distinct from the crystal-
lographic one (10,13). To ascertain that the dynamics of the
CL acyl chains does not depend on the environment, we per-
formed a separate MD simulation, wherein yAAC3 binding
the three CLs is embedded in a DPC micelle (see Fig. S1).
Just like in a POPC bilayer, the 100-ns trajectory reveals that
the CL acyl chains extend too far from the residues involved
in NOEs to rationalize the measured signals (16) (see the
Supporting Material).
To probe protein unfolding induced by DPC, we have
applied two different thermal-shift assays (24) in DPC and
DDM using 1) a maleimide coumarin fluorophore, 7-dieth-
ylamino-3-(4-maleimidophenyl)-4-methylcoumarin (CPM),
and 2) dye-free differential scanning fluorimetry (nanoDSF)
(see Supporting Material). As a control, we have added the
specific inhibitor CATR, which brings the carrier in ann. Themembrane carrier is represented as a transparent solvent-
tes for which NOE crosspeaks to CL atoms were observed (16),
rehighlightedas redvanderWaalsspheres.The threeCLsbinding
rotein being examined. To see this figure in color, go online.
A B
C D
FIGURE 2 Distance root mean-square de-
viation (RMSD) from the starting configura-
tion computed over the heavy atoms of
yAAC3 (A), the a-helical content of yAAC3
(B), the acyl-chain heavy atoms of the
three CLs binding the mitochondrial carrier
(C), and the heavy atoms of the CL head-
groups (D). The instantaneous values of
the RMSD are shown in gray and the
running average in black.
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ity. Purified yAAC3 in DDM displayed a typical protein
melting curve consistent with thermal denaturation of a
folded protein, whether CPM or nanoDSF was used, giving
apparent melting temperatures of 47.8 or 50.2C, respec-
tively (see Fig. 4). In the presence of CATR, a large shift
in the melting temperature is observed, leading to apparent
melting temperatures of 80.4 and 81.0C, respectively.
However, when the same yAAC3 preparation was diluted
into DPC, high fluorescence signals at the start of the exper-
iment were observed in both assays, showing no thermal
transition, indicative of an unliganded AAC3 in an unfoldedA B
C Dstate. Addition of CATR did not alter the profiles, under-
scoring that yAAC3 in DPC has lost the ability to bind the
inhibitor.
The apparent discrepancy between the reported experi-
mental results (16) and the distances between the same
atoms measured in our simulation, which are unlikely to
produce detectable NOEs, calls into question the fold adop-
ted by yAAC3 in DPC and the CL binding, which neces-
sarily must be different from those in the crystal structures
obtained from a native protein. There is a further hint for
a different interaction in a native protein and in the refolded
protein in DPC. In a native protein extracted from theFIGURE 3 Distance separating the –NH
hydrogen atom of residues I14 (A) and
L282 (B) from the four terminal methyl
groups of the closest CL. The four dis-
tances are shown as cyan, turquoise, light
green, and dark green curves, alongside
their mean, represented by a thick gray
curve, and the running average thereof,
represented as a black curve. Probability
distributions of the four aforementioned
hydrogen-methyl distances for residues
I14 (C) and L282 (D). To see this figure in
color, go online.
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FIGURE 4 Thermostability of yAAC3 in
0.1% DDM (blue line) or 0.1% DPC (red
line), in the presence (dashed line) and
absence (straight line) of CATR. Thermo-
stability wasmonitored using (A) the malei-
mide coumarin fluorophore CPM (24) and
(B) nanoDSF (see Supporting Material).
The top panels show the changes in fluo-
rescence with temperature, whereas the
bottom panels show the derivatives and
the apparent melting temperatures, where
they could be determined. To see this
figure in color, go online.
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physical Journal (2017), https://doi.org/10.1016/j.bpj.2017.09.019membrane, CL molecules are very tightly bound, as they
cannot be removed by extensive washes with detergent solu-
tions (17,25). The samples used for the crystal structures
were obtained with yAAC3 purified from yeast mitochon-
dria, and in this purification and crystallization protocol,
no CL was present in the buffers, yet a clear density was
discernible for the CL headgroups. This feature strongly
suggests that the affinity of CL to native yAAC3 is very
high. This property is shared with CATR, which binds
with nanomolar affinity and also remains bound through
the purification stages, though it is absent from the buffer.
In such cases of high-affinity binding, addition of the bind-
ing partner, i.e., CLs, is expected to lead to disappearance of
the NMR resonances corresponding to the free state and
appearance of peaks characteristic of the bound state, which
corresponds to a so-called slow-exchange regime. In sharp
contrast, the NMR results in DPC reveal a clear signature
of fast exchange upon addition of CLs, with gradually
shifting crosspeaks and titration curves characteristic of
low-affinity binding, often associated with nonspecific inter-
actions, which might arise due to complementary charges on
the protein and CL.
Binding of the inhibitor CATR to yAAC3 has also been
shown to be distinct in DPC, compared to other environ-
ments, with a dissociation constant, Kd, of 150 mM (26).
However, this inhibitor is extremely toxic, and all
studies published hitherto have shown that Kd values fall
within the low-nanomolar range (27–30), in line with its
toxicity, inhibiting the transporter in an aborted state. Inter-
estingly enough, the most recent biochemical investigation
reported a value of Kd equal to 192 mM (31). As it turns
out, this surprising value was a typographical error, later
corrected to 192 nM (32).
Taken together, our observations indicate that the binding
features of CLs to yAAC3 witnessed in DPC are markedly4 Biophysical Journal 113, 1–5, December 5, 2017distinct from those characteristic of a native-like membrane
environment. Specifically, NOEs in DPC are not in agree-
ment with the distance distributions observed from state-
of-the-art simulations of the native structure embedded in
a lipid bilayer. In fact, our simulation strongly suggests
that to satisfy the NOE data, the mitochondrial carrier in
DPC must be distorted. In other words, the interactions at
play reflect nonspecific binding, likely to be driven by elec-
trostatic interactions of the CL headgroups with an unfolded
mitochondrial carrier. This claim is supported by TSAs,
which, in the case of yAAC3 in DPC, reveals no temperature
transition, in stark contrast with the same protein in the
milder DDM environment.SUPPORTING MATERIAL
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Thermal–shift assays. AAC3 was purified as described for
the related yeast mitochondrial ADP/ATP carrier AAC2 (1).
The purified AAC3 was diluted 20-fold in buffer contain-
ing 0.1% dodecyl maltoside (DDM) or 0.1% dodecylphos-
phocholine (DPC) and analyzed by thermal-shift assays, as
described in reference 1. Protein unfolding is monitored with
the maleimide coumarin fluorophore 7-diethylamino-3-(4’-
maleimidylphenyl)-4-methylcoumarin (CPM). CPM reacts
with protein thiols (4 cysteine residues in yAAC3) to give
a fluorescent adduct, as cysteines become solvent-exposed
due to denaturation of the protein. Thermal unfolding anal-
ysis was also performed using dye-free differential scanning
fluorimetry (nanoDSF), which monitors the variations in flu-
orescence due to changes in the environment of 3 tryptophan
and 11 tyrosine residues in yAAC3. Approximately 2 µg
of protein at a concentration of 1.5 µM was added into a
final volume of 10 µL buffer B (20 mM HEPES pH 8.0, 100
mM NaCl) containing either 0.1% of DDM with 0.1 mg/ml
of tetraoleoyl cardiolipin, or 0.1% of DPC with 0.1 mg/ml
tetraoleoyl cardiolipin, with or without 10 µM carboxya-
tractyloside, and the samples loaded into nanoDSF-grade
standard glass capillaries. The temperature was increased
by 5◦C/min from 20 to 95◦C, and the intrinsic fluores-
cence measured in a Prometheus NT.48 nanoDSF device
(NanoTemper Technologies).
Simulation assays. For the simulation in a membrane
mimetic, the molecular assembly consisted of yeast
mitochondrial ADP/ ATP carrier yAAC3 embedded in
a pre–equilibrated patch of 1–palmitoyl–2–oleo-yl–sn–
glycero–3–phosphatidylcholine (POPC) with 18:2,18:2–
cardiolipins (CLs), specifically tetralinoleyl–sn–glycero–
bis–3–diphosphatidylglycerol (TLCL), consistent with the
choice of lipids of Zhao et al. (2). Use was made of the crys-
tallographic structure of yAAC3 obtained by Ruprecht et al.
(3). Missing elements, in particular the N–terminus residues
and one loop, were inferred using the program MODELLER
(4). The lipid bilayer was formed by 124 POPC units and
three CLs hydrated by 10,904 TIP3P(5) water molecules.
After proper equilibration, the dimensions of the assay were
approximately 74 × 74 × 98 A˚3. The molecular dynamics
(MD) simulations were performed with a salinity of 0.15 M
NaCl. The simulation assay was constructed employing the
CHARMM–GUI membrane builder (6), which supplies ran-
domized acyl–chain conformations for all lipid components.
For the simulation in a micellar environment, yAAC3 bind-
ing the three CLs was embedded in DPC micelle with a
detergent concentration of 300 nM, and a protein:detergent
ratio of 1:250. After proper equilibration, the dimensions of
the assay were approximately 103× 103× 103 A˚3. The all–
atom CHARMM C36 force field (7) was used to describe
water, yAAC3, the lipid bilayer (8) and the ions.
A B
FIGURE S 1: yAAC3 binding CLs embedded in a DPC micelle at a
detergent concentration of 300 nM. (A) Side view and (B) top view.
© 2016 Biophysical Society
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FIGURE S2: Pair correlation functions between the –NH hydrogen atom
of I14, I100, G118, G127, F220, L282, S292, Q298, M299 and I300, for which
NOE effects were recorded by Zhao et al. (2) and the four terminal methyl
groups of the three CLs bound to the mitochondrial carrier. The pair cor-
relation functions were inferred from simulations in a POPC bilayer (dark
lines) and in a DPC micelle (light lines).
Molecular dynamics simulations. All simulations were per-
formed in the isobaric–isothermal ensemble, using the scal-
able MD program NAMD 2.12 (9). Consistent with Zhao et
al. (2), The temperature and the pressure were maintained
at 300 K and 1 atm, respectively, using Langevin dynamics
and the Langevin piston method, with anisotropic scaling of
the simulation cell for the POPC assay (10). The r–RESPA
multiple time–step algorithm(11) was employed to integrate
the equations of motion with a time step of 1 and 2 fs for
short– and long–range interactions, respectively. Covalent
bonds in yAAC3 and in the lipids involving hydrogen atoms
were constrained to their equilibrium length by means of
the SHAKE/RATTLE algorithms (12, 13), and the SETTLE
algorithms (14) for water. Long–range electrostatic forces
were taken into account by means of the particle mesh Ewald
algorithm (15) A 12–A˚ cutoff was introduced to truncate
van der Waals and short–range Coulombic interactions. A
switching function was introduced for van der Waals forces
(8). Periodic boundary conditions were applied in the three
directions of Cartesian space. The simulation protocols con-
sisted of the following steps. For yAAC3 in a POPC bilayer,
(i) after suitable energy minimization, the simulation assay
was thermalized over 10.0 ns, during which both the pro-
tein and the CL head groups were harmonically tethered to
their initial position, thereby allowing the lipid acyl chains
to relax around the mitochondrial carrier. (ii) The assay was
submitted to an additional 10.0–ns equilibration step, dur-
ing which the positional harmonic restraints were removed
and the entire molecular assembly was free to relax. (iii) A
200.0–ns production run was performed, from which config-
urations were stored every 10 ps for analysis purposes. For
yAAC3 in a micellar environment, (i) after suitable energy
minimization, the simulation assay was thermalized over
50.0 ns, during which both the protein and the CL head
groups were harmonically tethered to their initial position,
allowing the DPC units to optimize their interaction with
the membrane carrier. (ii) A 100–ns production run was per-
formed, from which configurations were stored every 10 ps
for analysis purposes. Visualization and analyses of the MD
trajectories were performed with the VMD program.(16)
A B
FIGURE S3: Overlay onto the yAAC3 structure of CL conformations
extracted every 10 ns from the 200–ns MD trajectory. (A) Side view and
(B) top view. The superimposition of different conformations of the CLs
underscores that while the head-group region remains tightly bound to
the mitochondrial carrier in a specific fashion, the position of the acyl
chains fluctuates markedly, indicative of a lack of specificity towards the
protein. This representation further reinforces the idea that the CL acyl
chains are highly unlikely to span the two leaflets of the lipid bilayer to
interact with residues lining the mouth of the carrier, e.g., I300.
NOE distances. In addition to the series of distances mea-
sured between the nitrogen atom of two amino acids, namely
I14 and L282, and the terminal methyl group of the three
CLs, and reported in the main text, a more systematic anal-
ysis was performed, wherein pair correlation functions (17)
were determined for all the residues reported by Zhao et al.
(see Figure S4 of reference 2), i.e., I14, I100, G118, G127,
F220, L282, S292, Q298, M299 and I300. As can be seen
in Figure S2, the computed pair correlation functions are
strikingly at variance with the distances of Zhao et al. Con-
sistent with Figure 3 of the main text, they reflect disorder
and mobility of the CL acyl chains, as can be expected from
thermal motion at 310 K, and the virtual impossibility of
specific binding motifs with the mitochondrial carrier (see
Figure S3).
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FIGURE S4: Distance separating the –NH hydrogen atom of residues I14
(left) and L282 (right) from the four terminal methyl group of the closest
CL, as measured from the DPC assay. The four distances are shown as
cyan, turquoise, light and dark green curves, alongside their mean as a
thick grey curve and running average thereof as a black curve.
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